Indium tin oxide films were deposited at room temperature using a direct current magnetron sputtering system with a grid electrode. The glow discharge was confined between the target and the grid by inserting a grid electrode between the target and substrate of a conventional sputtering system. Next, various characterizations of indium tin oxide films were conducted including crystallinity, electrical properties, surface concentration, optical transmittance, and surface roughness. A negative grid voltage changed or decreased the crystallinity of the films. Moreover, suppressing the diffusion of the glow discharge by applying a negative grid voltage was highly effective in decreasing the resistivity of the indium tin oxide film by increasing the carrier concentration and mobility at room temperature.
Introduction
Indium tin oxide (ITO) films have been widely used in organic light emitting diodes (OLED), liquid crystal displays (LCD), touch panels, and solar cells due to their low electrical resistivity and high optical transparency in the visible light region. 14) In recent years, low temperature processes of ITO films with low resistivity have been developed for plastic substrates according to the increase in demand for flexible devices.
46) Moreover, much research has been pursued in how to reduce the damage of ITO films for decreasing the resistivity. A lower sputtering voltage has effectively reduced the resistivity of ITO films, as a result of an increase in the carrier density by minimizing the collisions of negative ions at a constant sputtering power.
79) Facingtarget sputtering has been effective in reducing plasma damage through the confinement of charged particles. 5, 10) Off-axis sputtering using a cylindrical target also suppresses the bombardment of O ¹ ions into the ITO films.
11)
The resistivity and uniformity of ZnO and Al-doped ZnO films has also been improved by using a grid electrode between the target and substrate by suppressing the bombardment of charged particles on the films. 12, 13) However, the characteristics of ITO film with a grid electrode have not yet been reported. In this study, ITO films with low damage and low electrical resistivity were deposited at room temperature using a direct current (DC) magnetron sputtering system with a grid electrode. The influence of the grid voltage on the crystallinity and electrical properties of the ITO film was investigated. Surface roughness, surface atomic concentration and transparency were also investigated.
Experimental Procedure

Sample preparation
ITO films were deposited at room temperature using a DC magnetron sputtering system with a grid electrode (Ultech Co., Ltd). A grid electrode with an aperture ratio of 58% was placed between the target and the substrate as shown in Fig. 1 . The grid was made of molybdenum with a low sputtering yield and connected to a DC power source. Molybdenum from the grid electrode was not detected in the ITO film, and no contamination was confirmed even when the negative grid voltage was applied. The diameter of the hole was 2 mm, and the hole was formed in a region of 100 mm in diameter.
By applying various DC voltages (0 ³ ¹80 V) on the grid, the glow discharge plasma near the substrate was controlled. A 4-inch disk of In 2 O 3 SnO 2 (9 : 1 in mass%) with 99% density was used for the sputtering target. Eagle XD glass was used as a substrate with a thickness of 0.5 mm. The chamber was evacuated to the base pressure of about 1.3 © 10 ¹4 Pa. Ar was used as a process gas, and the flow rate was 40 sccm.
Sample characterization
For the characterization of ITO films, the resistivity, thickness, carrier concentration, mobility, crystallinity, surface roughness, composition and transmittance were measured. The thickness of ITO films was determined by focused ion beam scanning electron microscopy (FEI, NOVA-600), and the measurement error was less than 5%. The resistivity, carrier concentration, and Hall mobility were measured and calculated from the Hall effect measurement by the Van der Pauw method (Ecopia, HMS-3000). The crystallinity of ITO films was evaluated by using an X-ray diffraction (Panalytical, X'Pert Pro) system and the optical transmittance was measured over a wavelength range of 400 to 700 nm by an ultraviolet visible spectrometer (Shimadzu, UV-2550). X-ray photoelectron spectroscopy (XPS) studies were also conducted for the investigation of the surface atomic concentration (Thermo Scientific, Multilab 2000) with the experimental accuracy of «0.1 at%. The surface roughness of the film was observed using an atomic force microscope (Park System, XE-100), and the scan of the films was carried out in an area of 3 © 3 µm 2 .
Results and Discussions
Effects of the grid voltage on glow discharge
Since a negative grid voltage has worked as a potential barrier to electrons and ions in the glow discharge between the ITO target and the grid, ions and electrons with sufficient kinetic energy could only diffuse through the grid to a side of the substrate. 14) Figure 2 shows the glow discharge plasma near the substrate at different grid voltages and sputtering powers. The glow discharge between the target and the grid appeared to be dark in Fig. 2 because the cylindrical wall covered a bright glow discharge as shown in Fig. 1 . As the grid voltage decreased from 0 to ¹80 V (Figs. 2(a)2(c) ), the brightness of the glow discharge between the grid and the substrate became darker. With 100 and 50 W of sputtering power (Figs. 2(d), 2(e)), ¹60 V of grid voltage was partly effective in protecting the diffusion of the glow discharge to the side of the substrate. For 25 W (Fig. 2(f ) ), ¹60 V of grid voltage was almost able to prevent the diffusion. A lower sputtering power under the same grid voltage made the glow discharge darker between the grid and the substrate. This implies that a more negative grid bias and lower sputtering power decreases the density of energetic ions and the electron temperature near the substrate. Yasui et al. 14) have reported that the electron temperature between the grid and substrate was only 0.5 eV under the negative grid bias. Therefore, an ITO film using the grid electrode system could be deposited with minimal damage from energetic ions or electrons in glow discharge. Figure 3 shows the X-ray diffraction (XRD) spectra of the ITO films deposited on the glass substrates at various sputtering powers and grid voltages. Sputtering conditions and thickness were summarized in Table 1 . ITO films deposited at 50 and 100 W of sputtering power showed better crystallinity than those deposited at 25 W. Kim et al. 15) and Wong et al. 16) have reported a similar trend in the crystallinity of ITO films. ITO films with higher thickness or deposited at higher sputtering power showed better crystallinity.
Crystallinity of ITO films at various deposition conditions
With 100 and 50 W of sputtering power, the diffraction intensity of ITO films under ¹60 V of grid voltage was lower than that under 0 V of the grid voltage, except for (440), (222) and (211) orientations. ITO film under 0 V of grid voltage showed a preferred orientation of (400) orientation. Changes in the preferred orientation from (400) to (222) could occur due to increasing oxygen partial pressure or decreasing film thickness. 17, 18) In this study, all ITO films were deposited
Wall Grid Substrate Fig. 2 Glow discharge plasma between the grid electrode and substrate at different sputtering powers and grid voltages. using only Ar gas. Moreover, since the thickness of ITO films under 0 V of grid voltage was lower than that under ¹60 V of grid voltage, the oxygen partial pressure and thickness were not causes of the difference in the crystallinity. Other researchers 17, 19) have reported that energetic particles such as O 2¹ and O ¹ ions could cause the damage and the resputtering of ITO films during the sputtering process. Moreover, the resputtering rate decreased in the order of (440), (222) and (400). The growth of (440) and (222) orientation could be suppressed by the resputtering which originated from the bombardments of the energetic particles. Thus, ITO films under 0 V of grid voltage showed a lower intensity of (440) and (222) orientation than those under the negative grid voltage. The diffraction intensity of (211) orientation might be similarly explained.
In the case of ITO films deposited at 25 W under 0 V of grid voltage, the number and energy of the bombardment particles were insufficient to cause the resputtering of the ITO film effectively, so a diffraction peak of (440) orientation could be observed. No peak was observed except for a small shoulder at around 31°in the ITO film deposited under ¹60 V of grid voltage at 25 W of sputtering power. This was due to the little bombardment of the energetic particles for the crystallization. Lin et al. 20) have also reported that an amorphous ITO film was crystallized by the bombardments of high energy Cu atoms during the deposition of only 11 nmthick Cu film onto it. This implies that lower crystallinity of ITO films deposited at low sputtering power and under negative grid voltage might be related to less collision of the energetic particles.
These assumptions could be supported by the change of deposition rate under different grid voltages as shown in Table 1 . The differences in the deposition rate between the application and the absence of the grid voltage at 25, 50 and 100 W of sputtering power were 0.16, 0.59, and 1.90 nm/min, respectively. The negative grid voltage increased the deposition rate at the same sputtering power, and the lower sputtering power decreased the difference in the deposition rate between the application and absence of the grid voltage by suppressing the resputtering, which had originated from the bombardment of the energetic particles as shown in Fig. 2. 
Characterization of ITO films
The effects of the grid voltage on the electrical properties of ITO films were investigated. Figure 4 shows the electrical resistivity, charge mobility, and charge carrier concentration of the ITO films deposited at different grid voltages. Electrical resistivity decreased sharply by up to ¹50 V and then saturated at 2.0 © 10 ¹4 ³·cm as the grid voltage decreased from 0 to ¹80 V. This significant decrease in resistivity originated from the increase in the mobility and carrier concentration. ITO film under ¹50 V of grid voltage showed somewhat higher mobility and lower carrier concentration. Considering the experimental error, there were no significant effects on the behavior of the mobility and carrier concentration explained above. In this study, ITO films with lower crystallinity showed better electrical properties than those with higher crystallinity, as shown in Figs. 3 and 4 . Many researchers have reported that the crystalline ITO films had lower electrical resistance than the amorphous ITO films. 16) On the other hand, other reports claim that ITO films with an amorphous phase or low crystallinity showed better electrical resistance than the crystalline ITO films. 8, 9) Moreover, amorphous indium zinc oxide (IZO) films showed better electrical properties than crystalline IZO films, as well. 21) Thus, better crystallinity did not guarantee lower electrical resistance.
The electrical properties of ITO films might be indirectly related to the bombardments of energetic particles because the crystallinity of ITO films also had close relationship with the bombardments described in 3.2. Bombardments of energetic particles could decrease the mobility by affecting the ITO energy structure, increasing the number of defects, or introducing new states that are capable of scattering the carriers. 7, 8) The increase of the carrier concentration under the negative grid voltage might be related to the decrease of ionized bivalent indium atoms. At the surface of the ITO target, black and high resistivity oxide (InO) was generated by collisions of Ar ions through the following reaction: 7) In 2 O 3 ðtrivalentÞ ! 2InO ðbivalentÞ þ O The same phenomenon could occur in the ITO films during the sputtering through the bombardment of the energetic particles, and this would decrease the charge carrier concentration. Figure 5 shows the optical transmittance of the ITO films deposited at 25 W with the reference glass substrate, measured in a wavelength range of 400 to 700 nm. The transparency of an ITO film deposited under ¹60 V of grid voltage was higher than that under 0 V of grid voltage despite its higher carrier density and thickness. A higher transmittance of ITO film deposited under ¹60 V of grid voltage could be explained by a reduced amount of black InO in the film. Thus, an ITO film under more negative grid voltage showed a lower electrical resistivity due to the lower damage.
Effects of grid voltage on the electrical properties of ITO films deposited at various sputtering powers and Ar gas pressures were also investigated. Figure 6 shows the electrical resistivity, charge mobility, and charge carrier concentration of the ITO film under 0 and ¹60 V of grid voltage, respectively. In Figs. 6(a)6(c) , the electrical resistivity decreased very sharply as the sputtering power decreased, regardless of the grid voltage applied. In both cases, this decrease originated from the remarkable increase in carrier concentration. ITO films under ¹60 V of grid voltage had a higher mobility and concentration than those under 0 V of grid voltage. In particular, the mobility was 5.9 cm 2 /V·s, and the carrier concentration was 5.4 © 10 21 cm ¹3 in the case of ¹60 V of grid voltage at 25 W of sputtering power. This resulted in the lowest electrical resistivity of 2.0 © 10 ¹4 ³·cm. Ishibashi et al. 7) and Hoshi et al. 8) have reported that ITO films deposited under a lower sputtering voltage achieved greater mobility and charge carrier concentration by reducing damage. In this study, the sputtering voltage decreased from 339 V (316 V) to 263 V (255 V) under 0 V (¹60 V) of the grid voltage as sputtering power decreased from 100 to 25 W (Table 2) . Thus, lowering the sputtering power was highly effective in reducing the electrical resistivity of ITO films. Moreover, a grid voltage of ¹60 V was also effective in increasing the mobility and carrier concentration by suppressing the bombardment of negative oxygen ions emitted from the ITO target with high energy. Table 3 shows the surface atomic concentration (at%) of indium, tin, and oxygen as well as the atomic ratios of the ITO films under 0 and ¹60 V of grid voltage at various sputtering power obtained by XPS. The ratios of tin to indium of ITO films under ¹60 V of grid voltage were higher than those under 0 V of grid voltage. In contrast, there was no tendency in the ratios of oxygen to indium and tin regardless of the grid voltage. The increase in the carrier concentration of ITO films under ¹60 V of grid voltage (Fig. 6 ) could also be explained by the increase of tin concentration acting as a donor in addition to the suppression of InO formation. These results are consistent with previous findings that plasma treatment of ITO films decreased the surface concentration of tin through the bombardment of energetic ions. 22) The changes in the ratio of oxygen to metal were not a major factor in determining the variation of the carrier concentration. 23 ) Table 4 shows the surface roughness of ITO films deposited under 0 and ¹60 V of grid voltage at various sputtering powers by AFM. The ITO films deposited at ¹60 V of grid voltage showed a slightly smoother surface than those deposited with 0 V of grid voltage. This improvement in the surface roughness may be related to the reduction in density of the energetic ions and electrons near the substrate. 8, 9) As pressure increased, the crystallinity and the electrical resistivity of ITO films under 0 V of grid voltage decreased due to the increase in carrier concentration as shown in Figs. 6(d)6(f ). Conversely, there were no significant changes in the electrical resistivity of about 2.0 © 10 ¹4 ³·cm of amorphous ITO films under ¹60 V of grid voltage as a result of the counterbalance of the decreased mobility and increased carrier concentration. As Ar gas pressure increased from 0.4 to 1.1 Pa, the bombardment of negative oxygen ions with high energy was reduced due to a short mean free path. Thus, the carrier concentration increased regardless of the grid voltage; however, further investigation is necessary to clarify the reasons for the different behaviors in mobility.
Conclusion
A detailed investigation into the electrical, optical and structural properties was presented for ITO films deposited by a DC magnetron sputtering with a grid electrode at room temperature. A negative grid voltage was found to be very effective in suppressing the diffusion of the glow discharge to the side of the substrate. The crystallinity of ITO film was changed, and the resputtering that originated from the bombardment of energetic particles was suppressed by the negative grid voltage. ITO films deposited under ¹60 V of grid voltage had a lower electrical resistivity, less crystallinity and better roughness than those under 0 V of grid voltage. Negative grid voltage increased the carrier concentration and mobility of ITO films by increasing the surface tin concentration and decreasing the number of defects. ITO film deposited under ¹60 V of grid voltage with 25 W of sputtering power showed the lowest resistivity of 2.0 © 10 ¹4 ³·cm at room temperature. Therefore, the minimization of damage during sputtering plays an important role in decreasing the electrical resistivity of ITO films. 
